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An siRNA-mediated screen identifies Nrip1 (RIP140) as a negative regulator of deoxyglucose uptake in 
3T3-L1 adipocytes. (A) Four days after the induction of differentiation, 3T3-L1 adipocytes were trans-
fected with smart pools of siRNA against a panel of genes (GenBank accession numbers are provided 
in Supplemental Table 1) selected as highly expressed in muscle and 3T3-L1 adipocytes compared with 
3T3-L1 fibroblasts. The effect of each knockdown on glucose uptake was determined using a 2-deoxy-
glucose uptake assay. Arrow indicates insulin-stimulated 2-deoxyglucose uptake in RIP140-knockdown 
cells. Shown is the average of 2 independent experiments. (B) siRNA-mediated depletion of RIP140 
mRNA was confirmed by real-time RT-PCR. The graph represents the mean ± SEM of 3 independent 
experiments. Scr, scrambled; Q-RT-PCR, quantitative RT-PCR. *P < 0.05 compared with scrambled.
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RIP140 depletion enhances GLUT4 expression and hexose uptake in 
both day-4 and day-8 3T3-L1 adipocytes. Four (day 4) or eight (day 
8) days after the induction of differentiation, 3T3-L1 adipocytes were 
transfected with scrambled or RIP140 siRNA. Three days later, cell 
lysates were used for SDS-PAGE to assess GLUT4, GLUT1, and 
actin expression levels. Intact cells were used to examine the effect 
of RIP140 depletion on 2-deoxyglucose uptake. The graph shows the 
mean ± SEM of 5 independent experiments. *P < 0.05 compared with 
scrambled, by Student’s t test.
Figure 3
Insulin signaling is not significantly affected by RIP140 silencing. Four 
days after the induction of differentiation, 3T3-L1 adipocytes were 
transfected with scrambled or RIP140 siRNA. Three days later, the 
cells were starved for 2 hours and then stimulated with insulin for 30 
minutes. Cell lysates were used for total and phospho-Akt and MAPK 
blots. The representative blot shows a small but insignificant increase 
in phospho-serine Akt levels.
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RIP140 silencing enhances multiple 
metabolic pathways in 3T3-L1 adipo-
cytes. Eight days after the induction of 
differentiation, 3T3-L1 adipocytes were 
transfected with scrambled or RIP140 
siRNA. Three days later, mRNA was har-
vested and used for Affymetrix GeneChip 
analysis. The numbers of genes that 
were significantly (P < 0.05) increased, 
decreased, or unchanged in expression 
within each of the pathways shown are 
depicted in bar graphs adjacent to the 
respective pathways. The total num-
ber of significantly (P < 0.05) changed 
probe sets from 3 independent experi-
ments is shown in the upper-right panel. 
FATP, fatty acid transport protein; TG, 
triglycerides.
Figure 5
RIP140 reexpression in RIPKO-1 adipo-
cytes results in downregulation of multiple 
metabolic pathways. Ten days after the 
induction of differentiation, RNA was isolat-
ed from RIPKO-1 adipocytes and RIPKO-1 
adipocytes stably expressing RIP140 using 
a lentiviral vector and used for Affymetrix 
GeneChip analysis. The number of genes 
in the indicated metabolic pathways that 
were significantly (P < 0.05) upregulated, 
downregulated, or not changed is shown 
from left to right in the graphs.
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Table 1
RIP140 regulates the expression of metabolic and mitochondrial genes
Probe ID Gene name RIP140 siRNA P value  Lenti-RIP140 P value Pathway
  (fold change)  (fold change)  
1418709_at Cytochrome c oxidase, subunit VIIa 1 16.80 0.000 –3.43 0.000 Oxidative phosphorylation
1449218_at Cytochrome c oxidase, subunit VIIIb 7.62 0.011 –4.06 0.001 Oxidative phosphorylation
1417956_at Cell death–inducing DNA fragmentation factor,  6.58 0.031 –11.54 0.000 Mitochondrial 
  α subunit-like effector A
1417482_at Testis expressed gene 19 6.09 0.000 –1.46 0.155 
1416194_at Cytochrome P450, family 4, subfamily b, polypeptide 1 4.72 0.000 –2.69 0.003 Oxidative phosphorylation
1429549_at Procollagen, type XXVII, α 1 4.70 0.006 –2.13 0.001 
1427052_at Acetyl-Coenzyme A carboxylase β 4.69 0.000 –1.43 0.223 Fatty acid oxidation
1448134_at Paladin 4.35 0.000 –2.88 0.000 
1455061_a_at Acetyl-Coenzyme A acyltransferase 2  4.23 0.001 –2.51 0.000 Fatty acid oxidation
  (mitochondrial 3-oxoacyl-Coenzyme A thiolase)
1423944_at Hemopexin 4.14 0.033 –3.48 0.173 
1417741_at Liver glycogen phosphorylase 4.02 0.007 1.46 0.071 Glycolysis
1428146_s_at Acetyl-Coenzyme A acyltransferase 2  3.98 0.000 –2.26 0.000 Fatty acid oxidation
  (mitochondrial 3-oxoacyl-Coenzyme A thiolase)
1418708_at Apolipoprotein C-IV 3.97 0.015 –3.42 0.008 
1453191_at Procollagen, type XXVII, α 1 3.86 0.008 –2.04 0.024 
1417273_at Pyruvate dehydrogenase kinase, isoenzyme 4 3.57 0.008 –2.26 0.000 TCA cycle
1417066_at Chaperone, ABC1 activity of bc1 complex like (S. pombe) 3.51 0.000 –5.79 0.002 
1428145_at Acetyl-Coenzyme A acyltransferase 2  3.46 0.000 –2.06 0.003 Fatty acid oxidation
  (mitochondrial 3-oxoacyl-Coenzyme A thiolase)
1436590_at Protein phosphatase 1, regulatory (inhibitor) subunit 3B 3.25 0.004 –3.05 0.000 Glycolysis regulator
1421681_at Neuregulin 4 3.15 0.000 –1.89 0.001 
1419182_at Polydomain protein 2.99 0.018 –1.60 0.004 
1451339_at Sulfite oxidase 2.93 0.010 –1.74 0.000 Mitochondrial
1422501_s_at Isocitrate dehydrogenase 3 (NAD+) α 2.79 0.000 –1.12 0.448 TCA cycle
1457123_at Neuregulin 4 2.75 0.001 –1.45 0.031 
1436368_at Solute carrier family 16 (monocarboxylic acid transporters),  2.74 0.023 –1.29 0.021 Amino acid transporter
  member 10
1448842_at Cysteine dioxygenase 1, cytosolic 2.71 0.021 –3.56 0.000 
1422500_at Isocitrate dehydrogenase 3 (NAD+) α 2.69 0.000 –1.99 0.008 TCA cycle
1424815_at Glycogen synthase 2 2.62 0.003 –1.42 0.242 Glycogenesis
1452485_at Phosphatase, orphan 1 2.61 0.003 –1.52 0.045 
1434082_at PCTAIRE-motif protein kinase 2 2.58 0.001 –1.42 0.008 
1441944_s_at G protein–coupled receptor 135 2.58 0.001 1.16 0.377 
1455112_at Apoptosis-inducing factor (AIF)-like mitochondrion- 2.55 0.001 –2.02 0.012 Mitochondrial
  associated inducer of death
1423613_at Sperm specific antigen 2 2.54 0.001 1.24 0.027 
1431142_s_at Apoptosis-inducing factor (AIF)-like mitochondrion- 2.54 0.001 –2.07 0.002 Mitochondrial
  associated inducer of death
1432269_a_at SH3-domain kinase binding protein 1 2.54 0.000 –1.79 0.001 
1422973_a_at Thyroid hormone responsive SPOT14 homolog (Rattus) 2.50 0.009 –2.66 0.001 Fatty acid synthesis
1423109_s_at Solute carrier family 25 (mitochondrial carnitine/acylcarnitine  2.50 0.001 –2.36 0.001 Fatty acid oxidation
  translocase), member 20
1448825_at Pyruvate dehydrogenase kinase, isoenzyme 2 2.50 0.001 –3.06 0.001 Glycolysis
1424451_at 3-Ketoacyl-CoA thiolase B 2.48 0.001 –1.41 0.000 Fatty acid oxidation
1424316_at Solute carrier family 25 (mitochondrial deoxynucleotide  2.44 0.000 –2.21 0.001 Mitochondrial
  carrier), member 19
1425753_a_at Uracil-DNA glycosylase 2.38 0.044 –5.93 0.001 
1431592_a_at SH3-domain kinase binding protein 1 2.38 0.000 –1.69 0.001 
1431143_x_at Apoptosis-inducing factor (AIF)-like mitochondrion- 2.36 0.004 –1.95 0.017 
  associated inducer of death
1459274_at G protein–coupled receptor 135 2.36 0.002 –1.14 0.572 
1452298_a_at Myosin Vb 2.34 0.004 –3.67 0.015 
1448615_at Copper chaperone for superoxide dismutase 2.31 0.000 –1.43 0.041 
1435872_at Proviral integration site 1 2.29 0.009 –1.89 0.004 
1436934_s_at Aconitase 2, mitochondrial 2.27 0.001 –1.42 0.001 TCA cycle
1460337_at SH3-domain kinase binding protein 1 2.26 0.000 –1.77 0.002 
1418328_at Carnitine palmitoyltransferase 1b, muscle 2.24 0.019 –3.98 0.000 Fatty acid oxidation
1430128_a_at Deleted in polyposis 1–like 1 2.22 0.000 –1.99 0.003 
1424359_at 5-Oxoprolinase (ATP-hydrolysing) 2.21 0.001 –4.87 0.000 Glutathionine metabolism
1436521_at Solute carrier family 36 (proton/amino acid symporter), 2.20 0.003 –3.04 0.000 Amino acid transporter
  member 2
1419714_at Programmed cell death 1 ligand 1 2.18 0.002 –3.88 0.007 
1448237_x_at Lactate dehydrogenase 2, B chain 2.17 0.000 –1.52 0.001 
1448830_at Dual specificity phosphatase 1 2.17 0.005 2.71 0.113 
1424737_at Thyroid hormone responsive SPOT14 homolog (Rattus) 2.16 0.006 –2.69 0.001 Fatty acid synthesis
1426989_at Calsyntenin 3 2.13 0.001 1.45 0.375 
1416183_a_at Lactate dehydrogenase 2, B chain 2.11 0.000 –1.65 0.000 Glycolysis
1430896_s_at Nudix (nucleoside diphosphate linked moiety X)-type motif 7 2.11 0.000 –2.55 0.000 
1434499_a_at Lactate dehydrogenase 2, B chain 2.10 0.000 –1.57 0.020 Glycolysis
1451899_a_at General transcription factor II repeat domain-containing 1 2.09 0.011 –1.43 0.002 
1423108_at Solute carrier family 25 (mitochondrial carnitine/ 2.07 0.001 –2.18 0.000 Fatty acid oxidation
  acylcarnitine translocase), member 20
1455235_x_at Lactate dehydrogenase 2, B chain 2.05 0.000 –1.59 0.001 Glycolysis
1418472_at Aspartoacylase (aminoacylase) 2 2.03 0.000 –2.91 0.002 
1448681_at Interleukin 15 receptor, α chain 2.03 0.001 –1.35 0.078
1435339_at Potassium channel tetramerisation domain containing 15 2.01 0.002 –2.83 0.003 
3T3-L1 adipocytes transfected with scrambled or RIP140 siRNA were used for Affymetrix GeneChip analysis. Shown are all named genes significantly upregulated 2-fold or 
more upon RIP140 depletion. Corresponding changes in gene expression in RIPKO cells, in which RIP140 was reexpressed by lentivirus-RIP140 (lenti-RIP140) infection, are 
also shown. Boldface indicates statistical significance (P < 0.05).
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Metabolic and mitochondrial protein expression is enhanced 
in 3T3-L1 adipocytes depleted of RIP140. Eight days after 
the induction of differentiation, 3T3-L1 adipocytes were trans-
fected with scrambled or RIP140 siRNA. After 72 hours, post-
nuclear supernatants were used for immunoblotting selected 
proteins in oxidative phosphorylation and fatty acid oxidation 
pathways. Shown is a representative blot and densitometric 
quantification of 3 independent experiments (mean ± SEM). 
All of the changes shown (except those for actin) were signifi-
cant at P < 0.05 (indicated by asterisk).
Figure 7
RIP140 depletion enhances glycolysis and TCA cycling, but not tri-
glyceride synthesis or de novo free fatty acid synthesis. Eight days 
after the induction of differentiation, 3T3-L1 adipocytes were trans-
fected with scrambled or RIP140 siRNA. After 72 hours, cells were 
starved and glucose metabolism (with continued starvation [basal] or 
1 mM insulin stimulation) was measured by [6-14C]-glucose conversion 
into carbon dioxide (CO2), triglycerides, and fatty acids as described in 
Methods. Graphs show the mean ± SEM of 3–4 independent experi-
ments. *P < 0.05 compared with scrambled, by Student’s t test.
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RIP140 is a negative regulator of cellular respiration in 3T3-
L1 adipocytes. Eight days after the induction of differentiation, 
3T3-L1 adipocytes were transfected with scrambled or RIP140 
siRNA. (A) After 72 hours, cells were incubated with MitoTrack-
er Red to stain actively respiring mitochondria. Fluorescence 
microscopy was performed as described in Methods. Shown 
are representative photographs with identical exposure times. 
(B) Cells were assayed for respiration using the oxygen biosen-
sor fluorescence assay described in Methods. Basal respiration 
is indicated on the left, and uncoupled respiration, induced by 
addition of the mitochondrial uncoupler carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP; 33 mM), is shown on 
the right. Illustrated are the averages of 3–4 independent experi-
ments. The respiration with or without FCCP of cells transfected 
with scrambled or RIP140 siRNA are considered statistically 
different based on the fluorescence intensity at the time when 
fluorescence of the leading curve was equal to half-maximum 
for each experiment. RFU, raw fluorescence units.
Figure 9
Absence of RIP140 protects against age- and diet-induced glucose 
intolerance and enhances insulin responsiveness on a high-fat diet. 
Glucose tolerance tests were performed on 3-month-old female mice 
fed a normal chow diet (A), 8-month-old female mice fed a normal 
chow diet (B), or 3-month-old female mice fed a high-fat diet (C) for 10 
weeks. Values are mean ± SEM; n = 6–12. (D) Insulin tolerance tests 
were performed on 3-month-old female mice fed a high-fat diet for 9 
weeks. Values are mean ± SEM; n = 9.
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with  insulin  sensitivity  in humans 
(44). Many studies focused on skel-
etal muscle have indicated the impor-



















Leonardsson et  al. did observe  expression of  the uncoupling 
Table 2
Increased expression of transcription factors that regulate metabolism, including PGC-1β, 
ERRα, and GABPα, is caused by RIP140 depletion
Probe ID Symbol Fold change P value Gene name
1418982_at Cebpa –1.03 0.746 CCAAT/enhancer binding protein (C/EBP), α
1418901_at Cebpb 1.49 0.002 CCAAT/enhancer binding protein (C/EBP), β
1423233_at Cebpd –1.29 0.609 CCAAT/enhancer binding protein (C/EBP), δ
1425261_at Cebpg –1.26 0.002 CCAAT/enhancer binding protein (C/EBP), γ
1420497_a_at Cebpz –1.37 0.009 CCAAT/enhancer binding protein (C/EBP), ζ
1460652_at Esrra 1.61 0.002 Estrogen-related receptor, α
1441921_x_at Esrrb 1.01 0.937 Estrogen-related receptor, β
1418929_at Esrrbl1 –1.16 0.421 Estrogen-related receptor β like 1
1450665_at Gabpa 1.38 0.018 GA repeat binding protein, α (NRF-2)
1436232_a_at Gabpb1 –1.15 0.238 GA repeat binding protein, β 1
1453682_at Gabpb2 –1.10 0.252 GA repeat binding protein, β 2
1443952_at Nr1d1 –1.15 0.023 Rev-ErbA α
1416958_at Nr1d2 1.06 0.483 Rev-ErbA β
1416353_at Nr1h2 1.19 0.001 LXR β
1450444_a_at Nr1h3 –1.18 0.005 LXR α
1416159_at Nr2f2 –1.23 0.039 COUP/TFII β
1460648_at Nr2f6 1.17 0.047 EAR2
1416505_at Nr4a1 1.82 0.001 Nur77
1455034_at Nr4a2 –1.32 0.011 Nurr1
1417098_s_at Nrbf1 1.58 0.018 Nuclear receptor binding factor 1
1448758_at Nrbf2 –1.06 0.231 Nuclear receptor binding factor 2
1423864_at Nrbp 1.05 0.575 Nuclear receptor binding protein
1424787_a_at Nrf1 –1.01 0.685 Nuclear respiratory factor 1
1418469_at Nrip1 –3.53 0 Nuclear receptor interacting protein 1
1423451_at Pgrmc1 –1.13 0.031 Progesterone receptor membrane component 1
1452882_at Pgrmc2 –1.22 0.027 Progesterone receptor membrane component 2
1449051_at Ppara 1.61 0.012 Peroxisome proliferator activated receptor α
1448708_at Pparbp 1.09 0.044 PPAR binding protein
1439797_at Ppard –1.04 0.655 Peroxisome proliferator activator receptor δ
1420715_a_at Pparg 1.01 0.94 Peroxisome proliferator activated receptor γ
1460336_at Ppargc1a 1.05 0.838 PPAR gamma, coactivator 1 α
1449945_at Ppargc1b 1.33 0.006 PPAR gamma, coactivator 1 β
1425762_a_at Rxra –1.26 0.018 Retinoid X receptor α
1416990_at Rxrb 1.13 0.062 Retinoid X receptor β
1418782_at Rxrg 1.15 0.313 Retinoid X receptor γ
1426690_a_at Srebf1 –1.13 0.144 Sterol regulatory element binding factor 1
1452174_at Srebf2 –1.03 0.532 Sterol regulatory element binding factor 2
1456215_at Tfam 1.01 0.858 Tanscription factor A, mitochondrial
1435924_at Tfb1m 1.05 0.627 Transcription factor B1, mitochondrial
1423441_at Tfb2m 1.16 0.133 Transcription factor B2, mitochondrial
1454675_at Thra –1.07 0.486 Thyroid hormone receptor α
3T3-L1 adipocytes transfected with scrambled or RIP140 siRNA were used for Affymetrix GeneChip 
analysis. Fold change indicates the difference in expression between scrambled and RIP140 siRNA-trans-
fected cells, with boldface indicating significance (P < 0.05).
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RIP140 depletion does not require normal PPARγ levels to enhance 
GLUT4 expression. Eight days after the induction of differentiation, 
cells were transfected with scrambled, RIP140, PPARγ, or RIP140 plus 
PPARγ siRNA. Three days later, cell lysates were used for immunoblot-
ting GLUT4 and actin, while nuclear extracts were used to immunoblot 
PPARγ and lamin. A 2-deoxyglucose uptake assay was performed with 
the indicated knockdowns. The graph shows the average and SE of 5 
independent experiments. *P < 0.05 compared with scrambled siRNA, 
by Student’s t test.
Figure 11
RIP140 depletion requires ERRα to enhance GLUT4 expression, 
deoxyglucose uptake, and mitochondrial protein expression. 
Eight days after the induction of differentiation, cells were trans-
fected with scrambled, RIP140, ERRα, or RIP140 plus ERRα 
siRNA. (A) Three days later, cell lysates were used for immuno-
blotting GLUT4, SDHB, and actin. A representative blot and the 
mean ± SEM of 4–5 independent experiments are shown. (B) A 
2-deoxyglucose uptake assay was performed with the indicated 
knockdowns. A representative blot and the mean ± SEM of 3 
independent experiments are shown. *P < 0.05 compared with 
scrambled siRNA, by Student’s t test.
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transporter  or  the  insulin  receptor  challenges 
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